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INTRODUCTION

One side effect oftoday's industrialized world is increased levels ofheavy metals
in the environment. Many ofthese metals are necessary for biological function as trace

elements, but at higher concentrations are toxic. Other metals, such as cadmium, are not

beneficial at any level, and have only deleterious effects on Irving organisms. Cadmium is

primarily thought to act through binding to biomolecules, particularly thiol groups, thus
interfering with normal biological function ofproteins (Appanna and St. Pierre, 1996). It
can also cause direct damage to DNA (Ron et al, 1992).

Human exposure to cadmium appears to primariry damage the kidneys. Exposure

may also affect the liver, lungs, immune system, and central nervous system (Nath et al,
1984). Furthermore, high levels ofcadmium in the human body have been associated with
violent behavior (Pihl and Ervin, 1990). Bacteria, however, have developed several

methods for handling toxic heavy metals: cation efflux from the cell, sequestration of

metals in compartments within the cell (Minz et al, 1995), exclusion from entering the cell,
and transformation ofthe metals to aless toxic valence state (Keasling and Hupf; 1996).

The genes enabling metal resistance are usually located on plasmids, but some resistance

genes are found on the chromosome. Sequencing work has also revealed several
chromosomal genes with homology to known plasmid metal resistance genes, indicating

these plasmids have exchanged genes with the genome on occasion (Lebrun et al, 1994).
Soil bacteria such as Pseudomonas fluorescens are among the first organisms to be

exposed to metal wastes released into the environment. Athorough study ofheavy metal
resistance in these bacteria may contribute to bioremediation of polluted soils. Such

bacteria could perhaps be engineered to convert toxic metals into more innocuous forms

or to sequester the metals. Mutant forms of bacteria with unique responses to heavy
metals could make useful bio indicators of metal contamination.

In bacteria, cadmium and other heavy metals such as lead, arsenic, andcobalt are

often trasported into the cell through Mg2+ uptake systems (Nies, 1992) orMn2+ porters
(Tynecka and Malm, 1995). Both ofthese systems involve divalent cation transport into
the cell, except that magnesium and manganese are both essential elements for life.

Mutating a cell to produce higher levels ofthese uptake systems also results in more rapid
uptake of heavy metals leading to possible poisoning (Nies, 1992).
The best studied cadmium resistance system in Gram positive bacteria is the

cadAC system in Staphylococcus aureus. The CadA product isa P-type ATPase, a
common form of cation transporter (Endo and Silver, 1995). CadA isresponsible for

cadmium efflux, but it can also confer resistance to zinc. CadC is the regulatory protein.
Similar systems in other Gram positive bacteria only confer resistance to cadmium (Lebrun
et al, 1994). Another homologous system in Bacillusfirmus can restore sodium resistance

to Na+/H+ antiporter mutants (Ivey et al, 1992). The genes encoding these systems are
usually located on plasmids.

The CzcABC complex of Alcaligenes eutrophus is oftenused as a model of Gram

negative cadmium resistance systems. The genes encoding this system are also primarily
found on plasmids. The Czc system is so named because it confers resistance to Co2+,

Zn2+, and Cd2+. The complex functions as a divalent metal cation/proton antiporter (Nies,
1992). Escherichia coli has an intracellular cadmium chelation system that allows for
cadmium-phosphate efflux (Keasling and Hupf, 1996). Pumps such as these can
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simultaneously remove toxic metals while generating a proton motive force (Van Veen et
al, 1994).

A different version of Gram negative bacterialcadmium resistance is the

phosphatase system leading to metal uptake in Citrohacterfreundil The system may also
accumulate lead (Montgomery et al, 1995). Finally, Klebsiella pneumoniae combats toxic

cadmium by producing CdS particles which are then deposited on thecell surface. The
sulfide is less toxic than the free cation (Holmes et al, 1997).

The goal of this study was to characterize chromosomal cadmium resistance in P.
fluorescens. Previously, 17 mutant strains had been created through transposon

mutagenesis. These 17 strains were notable because they displayed differential gene

activity in the presence of cadmium (Kukuk, 1997). The inserted transposon carried the
E. coli lacZ gene, which was used as a reporter for gene activity. LacZ encodes the

enzyme P-galactosidase, which is responsible for catabolizing lactose. The activity ofthis
enzyme can be conveniently measured by adding chromogenic substrates (Miller, 1989).
This study further characterizes these 17 strains using several methods. First, the strains

were grown under many stressful conditions to determine iftheir differential gene activity
was specific to cadmium or was a general stress response. Second, quantitative assays

were performed to yield dose-response curves for p-galactosidase activity with varying
cadmium levels. FinaUy, an attempt was made to clone and map the tagged genes as a first

step toward sequencing. The sequenced DNA could then be compared to gene banks to
unearth any homologies to previously discovered genes.

MATERIALS AND METHODS

Chemicals and Reagents.

All chemicals used were American Chemistry Society (ACS) standard. Restriction

endonucleases BamWi and BgR\ were purchased from New England Biolabs (Beverly,

MA) and £coRI, //wdlll, and Kpnl were purchased from Gibco BRL (Gaithersburg,
MD).

Bacterial Strains and Plasmids.

P. fluorescens ATCC13525 (American Type Culture Collection) was the wild-type
strain used. Transposon Tn5-B20, which has aneomycin phosphotransferase (nptll) gene

conferring resistance to the antibiotic kanamycin (Km), was randomly inserted into the

wild-type host (Kukuk, 1997). Tn5-B20 (Figure 1) also carries apromoterless lacZ gene
that was used to monitor transcriptional activity ofthe interrupted host gene's promoter.

B„n,71
(Lac Z)

E X HG
LiHm

Figure 1. Transposon Tn5-B20 (Simon etal, 1989)
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E. coli strain DH5a was used as a host for cloned P.fluorescens DNA. As cloning

vector, pBluescript II SK+ and KS+ plasmids were used. These plasmids contain an
ampicillin resistance gene, Ampr, a lacZ gene, and a multiple cloning site.

Media and Growth Conditions.

P. fluorescens wild-type and mutant strains were maintained on tryptone-yeast

medium (TY; Beringer, 1974; 0.5 g/1 CaCl2 x 2 H20, 5.0 g/1 tryptone, 3.0 g/1 yeast extract

pH 6.8). Minimal medium used for P. fluorescens was Basal Salts Medium (BSM; per
100 ml: 87.3 ml H20, 10.0 ml 0.5 MKP04 buffer pH 7.0, 0.5 ml 3.0 M(NH4)2S04, 0.1 ml
1.0 M MgCl2, 0.1 ml 2 mM FeS04, and 2.0 ml 10% succinate). P. fluorescens was grown
at 28 °C.

Complex media for E. coli was Luria-Bertani (LB; Miller, 1989; 5.0 g/1 NaCl, 10.0
g/1 tryptone, and 5.0 g/1 yeast extract pH 7). E. coli was grown at 37 °C.

Screening for Differential Gene Activity.

Mutant strains were grown on TY agar or BSM with 50 jag/ml Km and 32 ug/ml
5-bromo-4-chloro-3-indolyl-(3-D-galactoside (X-gal) incorporated. These strains were

then subjected to various stresses, and after growth at 28 °C for two days, were

investigated for differential blue color compared with the control. X-gal is cleaved by 0-

galactosidase, the product ofthe lacZ gene, to yield 5-bromo-4-chloro-3-indigo. This
product has a characteristic blue color.

For the metal stress experiments, strains were grown on TY Km X-gal or BSM

Km X-gal media at 28 °C. Metal ions were incorporated into the agar. Metals

incorporated into TY agar were 1mM CuS04, 1mM ZnS04, 500-5000 uM NiCl2, 5005000 uM CoCl2, or 200-500 uM AgN03. Metals incorporated into BSM agar were 1-5

mM CoCl2 or 100-500 uM Pb(CH3COO)2. All ofthese strains were allowed to grow for
2days. Strains were also grown on TY Km X-gal agar with 250-3000 jiM CdCl2
incorporated. These plates were grown at 28 °C for 3-6 days.
For the heat stress experiments, mutant strains were grown on TY Km X-gal agar

at temperatures of33 -42 °C and compared to acontrol grown at 28 °C. Other stresses

performed on TY Km X-gal media were low pH (4.3 -6.0) using HCl, solvent stress using
4-10% ethanol, and oxidative stress using 15 -60 uM H202 or 4-250 mg/1 HOCl. An

oxidative stress experiment using 0.5-12 mg/1 HOCl was performed on BSM Km X-gaL
All ofthese compounds were incorporated into the agar.

P-Galactosidase Enzyme Assay

Liquid cultures were made for each mutant strain in 5ml TY media with 50 ug/ml
Km added. These cultures were placed in a28 °C shaker overnight. Then, the cultures
were diluted 1:100 in TY Km50 and replaced in the shaker for 2.5 hours. Next, 5ml of

culture was placed in each sterile tube and centrifuged for ten minutes at the maximum

setting ofatable-top centrifuge. The liquid was discarded, and the cells were resuspended
in 5 ml TY with the following additions:

For the CdCl2 dose-response assay, cells were grown with 0, 50, 100, 150, 200, or

250 uM CdCl2. For the ethanol dose-response assay, cells were grown with 0, 2, 4, or 6%
ethanol.

For all assays, the tubes were grown inthe 28 °C shaker for two more hours. The

assays then proceeded according to Miller (1989), with the following clarifications: 0.5 ml
of culture was added to 0.5 ml Z buffer. The chloroform/SDS method was used to open

cells. Optical densities were recorded using a Beckman DU 7500 spectrophotometer.

Assays were performed twice for each strain. Enzyme activity was measured in Miller
Units, which were calculated by the formula
1000xODr»
t x v x OD 600

where t = reaction time in minutes and v = volume of culture assayed.

Chromosomal DNA Isolation.

Chromosomal DNAwas isolated using a phenol/chloroform method. An

overnight P. fluorescens culture was centrifiiged and resuspended in 1xTE buffer (10
mM Tris-HCl [pH 8.0] and 1mM ethylenediaminetetraacetic acid [EDTA]). After

recentrifiigation, the pellet was resuspended in 1x TE and 10% SDS and incubated for 90
minutes at 37 °C. Cetyhrimethylammonium bromide (CTAB) and NaCl were added, and
the mixture was incubated at 65 °C. Chloroform/isoamyl alcohol (IAA) was mixed in, and

the bottom layer was discarded. One phenol-chloroform and one additional
7

chloroform/IAA extraction were performed before precipitating the DNA with cold
ethanol. The DNA was removed and stored in TE buffer.

Cloning experiments.

Total chromosomal DNAfrom P.fluorescens was digested with the restriction

endonuclease Kpnl. The pBluescript SK+ or KS+ vector was also digested with Kpnl and
treated with calfintestinal phosphatase (CIP) to prevent self-ligation. Plasmid vector and

chromosomal DNA fragments were mixed with T4 ligase and kept at 15 °C overnight.

Competent cells for the transformation were generated from an overnight culture
of E. coli. The 5 ml overnight culture was added to 100 ml LB and grown ina 37°C
shaker for 2 hours. The cells were then evenly distributed between four chilled sterile

centrifuge tubes and centrifuged at4 °C. The cells were resuspended in 0.1 Mice cold

MgCl2, centrifuged, and resuspended in 0.1 Mcold CaCl2. After keeping on ice 20
minutes, cells were centrifuged, resuspended in CaCl2, and kept onice overnight.
For the transformation, 100 ul cells, 95 ul H20, and 5 ul ligated DNA were

combined. Cells with no added DNAand cells withvectoronly were used as controls.

These mixtures were kept on ice 25 minutes, transferred to 42 °C for 2 minutes, and then
added to 1 ml room temperature LB. This mixture was incubated at 37 °C for 90 minutes

before spreading onLB plates. To select for DNA containing the transposon insert, 200

jig/ml Amp and 50 jig/ml Km were added. These plates were then grown at 37 °C
overnight. Successful clones were stored in glycerol at -80°C.

8

Isolation of DNA from Agarose Gels.

To increase the probability of successful transformation, ApwI-digested total
chromosomal DNA fragments were run on an agarose gel. DNA larger than 8 Kb (the
size of Tn5-B20) was cut from the gel. The resulting piece was finely chopped with a
razor and vortexed with phenol. After storage at -80 °C for 10 minutes, the mix was

centrifuged. The water layer was set aside, and a second extraction was performed with 1
x TE buffer on the phenol layer. The water layers were combined and chloroform was

added. The water layer was removed again and NaCl was added to give a 100 mM final
concentration. To precipitate the DNA, the pellet was washed with ethanol, dried, and
resuspended in TE.

Plasmid Isolation.

Plasmids were isolated from E. coli after successful transformations (Sambrook et

al, 1989). An overnight LB culture of transformed cells was centrifuged. Cold Solution I

(50 mM glucose, 25 mM Tris:HCl pH 8.0, 10 mM EDTA) was added to the pellet and
allowed to sit 5 minutes at room temperature. Fresh Solution II (0.2 M NaOH, 1% SDS)
was mixed in, and the cells were kept on ice 5 minutes. Cold Solution III (5 M potassium

acetate, glacial acetic acid, pH 5-6) was added, and the mixture was kept on ice 5 minutes.
After centrifugation, phenol/chloroform was added to the supernatant. The top layer was
rerrioved and ice cold ethanol was added to this top layer. Aftercentrifuging 30 minutes,

the pellet was washed in 70% ethanol, dried, and stored in TE buffer.
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Mapping of Cloned DNA.

Isolated plasmids were cut by Kpnl to confirm a genuine clone. The plasmids
were then cut with Kpnl, EcoRl, Hindlll, BamUl, BgRl, or these incombination. The

fragments were run on an agarose gel and compared to Xphage Hindlll fragments. This
information was used to construct genetic maps of the plasmids.
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RESULTS

Screening for differential gene expression in response to stresses.

The many ways bacteria have for coping with cadmium stress may be grouped into
three categories: general stress responses, responses to divalent metals, and responses

specific to cadmium. By growing the 17 P. fluorescens mutant strains under awide
variety ofstressful conditions, we could determine ifthe tagged gene in each strain only

responded in the presence ofcadmium, responded to other heavy metals, or responded to
stresses in general.

Metal ion stress.

Mutant strains used in these experiments were identified by their differential gene

expression at 150 uM CdCl2. At this level, all strains show growth. To determine if
certain strains were more resistant to cadmium than others, all strains were grown on TY
media with concentrations ofcadmium up to 3.0 mM. At 1.0 mM CdCl2, all strains grew

except 45-B10. At 1.2 mM, 54-A1 (positive control), 21-H2, and 43-G8 also did not

grow. In addition, at 1.5 mM, 3-B7, 30-F4, and 52-C4 did not grow. FinaUy, at 2.0 mM
CdCl2, only 54-A3 (negative control), 15-Hl 1, and 54-Fl 1grew. All three mutant strains
had ayellow halo around them No strains grew at 2.5 or 3.0 mM CdCl2. Attempts to

find the highest cadmium concentration that still allowed growth ofthe wild type P.

fluorescens were inconsistent, but this limit was found to be between 1.5 and 2.0 mM
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CdCl2.

In addition to detenriining increased or decreased resistance to cadmium, growth

of mutant strains on higher concentrations of cadmium also indicated some strains have

increased P-galactosidase activity at these higher levels. At 500 uM CdCl2, strains 39-D3,
4-C5, 4-E2, 15-Hl 1, and 39-B7 showed increased P-galactosidase activity compared to
activity at 150uMCdCl2.

To test whether the tagged genes of the 17 strains also responded to other metal

ions, the strains were grown on agar with various metal ions incorporated. These ions
were Cu2+, Zn2+, Ni2+, Co2\ Pb2+, and Ag+. For an overview of these results, consult
Tables A and B at the end of this paper. When examining the photos in figures 3 and 4,

refer to the diagram in Figure 2 (next page). Note that the mutant strains are grouped

according to their response on 150 uM CdCl2 compared to a cadmium-free control: the
four strains with a repressed p-galactosidase response in the presence of cadmium form

the top row, the strains in the bottom right corner are positive and negative controls, and
the remaining strains are induced in the presence of cadmium.

Mutant strains were grown on 1 mM copper sulfate. At this concentration, four
strains, 52-E9, 16-D5, 32-B7, and 21-H2, showed increased p-galactosidase activity.
Four strains, 43-G8, 50-D4, 3-B7, and 52-C4, showed decreased P-galactosidase activity
(Figure 3, next page).

When 1 mM zinc sulfate was incorporated into the media, strains 39-D3,

16-D5, 32-B7, and 4-C5 were induced. In addition, strains 50-D4, 3-B7, and 52-C4 were
repressed (Figure 3).
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52-C4

3-B7

50-D4 43-G8

39-B7 15-Hl 1 21-H2

4-E2

54-Fl 1 4-C5

32-B7 45-B10

30-F4

36-E5 39-D3

16-D5

54-A3

52-E9

/

H

54-Ali

(+)

1

Figure 2. Reference diagram for order of strains in figures 3 and 4. The four
strains on the top row have tagged genes that are repressed in the presence of
cadmium. The two strains in the bottom right corner are the negative and

positive controls, which consistently yield a white or a blue color, respectively.
The tagged genes in all the other strains are induced in the presence of
cadmium.

Figure 3. Photo of mutant strains grown on ImM CuS04, ImM ZnS04, 150
uM CdCl2, and control.
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Nickel chloride was incorporated into media at concentrations between 500-5000
uM. Mutant strain 30-F4 was induced on NiCl2 plates at concentrations from 500 uM to

1 mM. The four strains that are repressed inthe presence of cadmium were also repressed

onthe 1 mM plate, but not on lower concentrations. Several other strains were more
difficult to evaluate qualitatively, as their color changes were more subtle: 36-E5 and 16-

D5 may be induced on 500 jiM and 750 uM NiCl2 plates. Strains 4-C5 and 39-B7 are

possibly induced with 500 uM nickel. Strains did not grow at 3mM or 5 mM NiCl2.
Additionof cobalt chloride (1-5 mM) to BSM resulted in immediate formation of a

purple precipitate that did not disappear with mixing. Strains were not able to grow on

these plates. However, addition of 500-5000 uM cobalt chloride to TY media did not

yield this precipitate. Strain 39-B7 was induced on both 500 uM and 800 uM CoCl2. On
800 uMCoCl2, 52-C4 was repressed and 15-Hl 1was induced. At 2 mM cobalt only 52C4 grew, but at 1mM, strains 39-D3, 4-C5, 4-E2,15-H11, 50-D4, and 52-C4 grew.
None of these showed differential P-galactosidase activity, however.
Addition of 100-500 uM lead acetate to BSM caused a fine, cloudy white

precipitate to form that disappeared after thorough mixing. All strains grew at all
concentrations of lead used. Strains 30-F4 and 39-B7 were slightly induced at all

concentrations of lead, while strains 16-D5 and 32-B7 were induced only at 300 uM
PrXCH3COO)2.

Addition of silver nitrate caused a very fine, dark precipitate to form that was not

visible after mixing. Precipitate was still visible onthe 300 uM plate after mixing, so
results for this concentration were not included here. No differential gene activity was
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observed using silver; however, only some strains were able to grow in the presence of
silver. At 200 uM AgN03, strains 52-E9, 36-E5, 54-Fl 1, and 50-D4 exhibited normal

colony size, while no other strains showed any growth. At 500 uM, only 54-Fl 1and 50D4 grew.

Heat stress.

To test for genes regulated by heat stress, the 17 P. fluorescens mutant strains that
showed differential gene activity in the presence ofcadmium were grown alongside

positive and negative controls at temperatures greater than optimal for P. fluorescens (28
°C). These strains did not grow at temperatures higher than 35 °C, so we chose 33 °C as a

challenging temperature. There were no great differences in color, and therefore tagged
gene activity, between strains grown at 33 °C and 28 °C.

Oxidative stress.

Inorder to test whether the tagged genes responded to oxidative stress, H202 was

incorporated into the media. This yielded inconsistent results and seemed to be difficult
perhaps due to the volatile nature ofH202.

Another way to test the tagged genes for activity under oxidative stress was to

grow the strains on HOCl (bleach). Mutant strains were grown on BSM Km X-gal media
because Cr may react with nitrogen in complex media. On BSM, strains were inhibited in

growth at 4mg/1 and did not grow at 8mg/1 bleach. However, there was no differential
15

gene expression compared to the control.
Strains were also grown with HOClon TY Km X-gal plates. Growthdid not

occur at 250 mg/1 but did at 200 mg/1. At 150 mg/1 and 200 mg/1, there were no strains

showing increased gene expression. Instead, all the targeted genes appeared to be
repressed.

Solvent stress.

Mutant strains were grownon three concentrations of ethanol to test the tagged

genes' activity after exposure to solvent stress. On 4% ethanol, only one targeted gene
showed differential activity from the control. Strain 30-F4 showed strong p-galactosidase

induction (Figure 4). This effect was muted at 5% ethanol. None of the mutant strains
were found to grow on 10% ethanol.

i

•

....
•

|150 pM CdCl2 |

B Control 1

|4% EtOHJ

Figure 4. Photo of strains grown on 4% ethanol, 150 uM CdCl2, and control
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Acid stress.

The mutant strains were grown with HCl incorporated into the media to test their

responses to acidic conditions. Strains grown at pH 4.3 exhibited inconsistent growth

patterns. Colonies grew slowly and often displayed a reddish-brown color. Strain 4-C5
once appeared induced, and 3-B7 once appeared repressed. These results did not occur
with repeated experimentation. Strains grown at pH 4.5-6.0 showed no differential Pgalactosidase activity.

Quantitative determination of gene activity using enzyme assays.

The p-galactosidase enzyme assay was used to quantitatively show differential

gene activity in the presence ofvarying levels ofcadmium or ethanol. Furthermore, by
testing the mutant strains at several levels ofcadmium, a dose-response curve could be
generated. Results for growth with cadmium are shown in Figure 5 (next page).
Dose-response curves were not generated for all strains. Ina previous study

(Kukuk, 1997), strains 21-H2, 36-E5, 54-Fl 1, 16-D5, and 45-B10 showed no appreciable
induction in the presence of75 uM CdCl2; therefore, these strains were not retested here.
Likewise, strains 50-D4 and 43-G8 showed very little repression and also were not
retested.

Three different trends were noted in the dose-response curves. Strains 39-D3, 52-

E9, 32-B7, 15-Hl 1, and 4-E2 showed increasing P-galactosidase activity through 250 uM

CdCl2, the highest level ofcadmium tested. The assay should be repeated for these strains
17
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of cadmium.

using higher levels ofcadmium to find peak p-galactosidase activity. Strains 39-B7, 4-C5,
and 30-F4 showed a peak in this assay. Strain 39-B7 had peak activity at 200 uM CdCl2,

4-C5 had peak activity at 150 uM CdCl2, and 30-F4 had peak activity at 200 uM CdCl2.

Finally, strains 3-B7 and 52-C4 showed the highest p-galactosidase activity at 0 uM

CdCl2 with decreasing activity as cadmium levels were increased. Graphs that are missing
0 uM or 250 uM bars occur because the assay reaction occurred too slowly at these
cadmium concentrations. Miller units in those cases are essentially zero.

Adose-response curve was also generated for strain 30-F4 grown in the presence of
ethanol (Figure 6). This assay produced peak p-galactosidase activity at a2% ethanol
concentration. This quantitatively demonstrates the tagged metal-regulated gene ofstrain

30-F4 is also regulated by ethanol, implying this gene responds to at least one other stress
factor besides heavy metals.

30-F4
50
40
30

£

20
10

•

% ethanol

Figure 6. p-galactosidase assay ofstrain 30-F4 in the presence ofethanol.
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Cloning DNA fragments into E. coll

The DNA surrounding Tn5-B20 theoretically contains a gene that is regulated by

the presence of cadmium. Cloning of this DNA into E. coli is the first step toward

sequencing this DNA. Sequenced DNA canthenbecompared to existing gene banks to
see if it is homologous to any known genes. This, then, would give a clue to the gene's
exact function. Six DNA regions were successfully cloned. These clones are named

pMPlOOO - pMP1005 (see Table 1).

Tagged gene on CdC^ 1

Clone

Strain

Vector

pMPlOOO

52-C4

SK+

repressed

pMPlOOl

15-Hl 1

KS+

induced

pMP1002

39-B7

KS+

induced

pMP1003

32-B7

KS+

induced

pMP1004

43-G8

KS+

repressed

pMP1004

50-D4

KS+

repressed

Table 1. Cloned DNA, withoriginal mutant strains, pBluescript vector used in
cloning, and comparison of p-galactosidase activity in presence of cadmium with
the control.

Mapping of cloned DNA.

After the plasmids containing cloned DNAhad been re-isolated, mapping of the
cloned DNA was necessary to determine the orientation ofthe transposon insert. This

information is important for later sequencing. In addition, restriction enzyme markers are
20

useful corrfirrnations of accurately sequenced DNA. Clones pMPlOOO, pMPlOOl, and

pMP1004 were successfully mapped using the restriction endonucleases Kpnl, BamUl,
EcoW, Hindlll, and Bglll (Figure 7).

K

KH

E

HE

HG

GH

pMPlOOO
B
KH

K

HG

K

HG

G G

GH

pMPlOOl
KH

QH

PMP1004
10

15

Kb

Figure 7. Genetic maps of clones pMPlOOO, pMPlOOl, and pMP1004.
Restriction endonuclease markers are: K, Kpnl; B, BamUl; E, EcoRI; H,

Hindlll; and G, Bglll. The thick black line represents the pBluescript vector,
and the thick white line is Tn5-B20.

21

DISCUSSION

The goal ofthis study was to characterize metal-regulated genes in P. fluorescens
mutant strains previously identified (Kukuk, 1997). This characterization was

accomplished on three fronts: testing for general stress versus specific stress responses,

generating dose-response curves, and cloning ofthe DNA adjacent to the transposon.
Although we knew the tagged genes ofthe mutant strains responded to the

presence ofcadmium ions, we did not know whether these tagged genes would also

respond to other stresses. There are many studies reporting similarities in genes turned on
in various stressful conditions. For example, Morgan et al (1986) found 5proteins in

Salmonella typhimurium that were produced during exposure to hydrogen peroxide also

were synthesized during heat shock. Furthermore, other proteins synthesized after

hydrogen peroxide treatment were "found to overlap significantly" with proteins produced
after exposure to ethanol and nalidixic acid treatments. One ofthe proteins identified after

exposure to hydrogen peroxide was the highly conserved heat shock protein DnaK, which
is also induced after ethanol treatment, UV irradiation, nalidixic acid exposure,

bacteriophage kinfection, and amino acid starvation. Oxidative stress in S. typhimurium
also leads to accumulation ofthe dinucleotide AppppA, which has also been found to
accumulate in E. coli and S. typhimurium after heat shock or exposure to ethanol (Lee et

al, 1983). In addition, CdCl2 treatment ofE. coli induces most ofthe heat shock and
OxyR-regulated oxidative stress proteins (Morgan et al, 1986).

OxyR is atranscriptional regulator that was named for its appearance after

bacterial exposure to oxidizing agents such as hydrogen peroxide. This protein has been
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found to be necessary for bacterial survival during hydrogen peroxide challenges, via use

oflacZ operon fusions (Mukhopadhyay and Schellhorn, 1997). Hypochlorous acid

(bleach) has been found to induce many ofthe same reactive oxygen radicals as those
formed by hydrogen peroxide, and, additionally, was shown to induce OxyR formation

(Dukan and Touati, 1996). Hypochlorous acid has also been shown to activate heat shock
proteins (Dukan et al, 1996). Therefore, it would not be surprising to find acorrelation
between cadmium-regulated genes and oxidative stress-regulated genes.

Another, different sort ofsystem that is regulated by both hydrogen peroxide and
metal ions has been identified using atransposon/lacZ fusion in Bacillus subtilus (Chen et

al, 1995). Ametalloregulated gene, mrgA, has been found to be induced in B. subtilis
when iron and manganese levels are low. It is also induced in the presence ofhydrogen

peroxide. However, the gene is repressed in the presence ofcopper or cobalt, even ifthe
previous two conditions are also occurring. Homology has been found between this

system and hydrogen peroxide resistance genes in Styphimurium and Ecoli (Chen and
Helmann, 1995). Further experimentation with the P. fluorescens mutant strains may
uncover some strains that show induction with certain stresses but repression after
addition of metals.

Studies ofthe effects oflow pH on bacteria have indicated the existence ofacid

shock proteins. In Foster's study (1991) on acid stress, it was noted that the organism S.
typhimurium often faced low pH conditions while inside the phagolysosomes of
macrophages, and therefore was concurrently dealing with oxidative stress as well.
Possibly, then, the proteins formed during acid shock overlap with oxidative stress gene
products.
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Asdiscussed inthe introduction, there are many systems inbacteria that confer

resistance to several different metals. For instance, the Czc system inA. eutrophus

confers resistance not only to cadmium but also to cobalt and zinc (Nies, 1992). Also, the

CadAC system in S. aureus confers resistance to zinc (Endo and Silver, 1995). It would

be expected that some cadmium-regulated genes in P. fluorescens would also be regulated
by other metals.

After growing mutant strains under several stressful conditions, only one mutant,
30-F4, showed a general stress response by having increased gene activity in the presence
ofethanol. However, several strains show the possibility for being regulated by other

metals; for instance, eight strains had differential responses from the control in the

presence ofcopper, and seven strains had adifferential response in the presence ofzinc.
We have tested these metals by incorporating the ions into TY and BSM media. BSM

may be aless suitable medium for use with metal ions because the phosphate buffer in
BSM will form aprecipitate with the metals, and thus these ions will not be freely
available to the cells.

The DNA surrounding the transposon insertion in mutant strain 45-B10 had been

previously cloned and its DNA sequenced (Rossbach, unpublished). Comparison ofthe
sequenced DNA to previously identified genes revealed ahigh homology with the copR

gene in Pseudomonas syringae. This gene is activated in the presence ofcopper, and is a
transcriptional activator for a copper efflux system (Mills et al, 1994). Perhaps the P.

fluorescens DNA sequenced here has aregulatory function only with cadmium, as it was
not found to be induced in the presence of 1 mM CuS04.

Further characterization of these 17 mutant strains could continue to yield more
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correlations between cadmium-regulated genes and genes regulated by other metals. It

would be interesting to discover any homologies between the DNA in the mapped clones

and already discovered genes. Also, two strains (15-Hl 1and 54-Fl 1) appear to be better
able to grow under high cadmium conditions than the wild type strain. It would be

beneficial to generate growth curves for these mutants in the presence ofhigh cadmium
and compare these to the growth curve of the wild type in high cadmium.
In conclusion, it has been shown that several cadmium-regulated genes inP.

fluorescens are also regulated by other metals, and in one case, by ethanol. Further study
on this topic may yield useful knowledge about the mechanisms used by Pseudomonas and
related bacteria to cope with elevated concentrations of metals in the environment.
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1

Strain

150 uM

500 uM

ImM

ImM

500 uM

750 uM

ImM

CdCl2

CdCl2

CuS04

ZnS04

NiCl2

NiCl2

NiCl2

52-E9

+

+

+

0

0

0

0

39-D3

+

++

0

+

0

0

0

36-E5

+

+

0

0

+?

+?

0

16-D5

+

+

+

+

+?

+?

0

30-F4

+

+

0

0

+

+

+

45-B10

+

+

0

0

0

0

0

32-B7

+

+

+

+

0

0

0

4-C5

+

++

0

+

+?

0

0

54-Fl 1

+

+

0

0

0

0

0

4-E2

+

++

0

0

0

0

0

21-H2

+

+

+

0

0

0

0

15-Hl 1

+

++

0

0

0

0

0

39-B7

+

++

0

0

+?

0

0

0

0

0

0

0

0

0

0

0

43-G8

50-D4
3-B7

52-C4

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Table A. Induction or repressionof tagged genes compared to the control.
"0" indicates no difference from the control, "+" indicates the targeted gene is

induced under the given condition compared to the control, and "-" indicates
the gene is repressed under the given condition. "++" denotes targeted genes
that were more induced at 500 uM CdCl2 than at 150 uM CdCl2. "+?"
indicates the targeted gene might be induced, but the the induction was too
slight to be sure when inspecting the strains visually.
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500

800

1

2

100

300

500

uM

uM

mM

mM

CoCl2

CoCl2

CoCl2

CoCl2

uM
Pb(CH3COO)2

uM
Pb(CH3COO)2

uM
Pb (CH3COO)2

52-E9

0

0

n.g.

n.g.

0

0

0

39-D3

0

0

0

n.g.

0

0

0

36-E5

0

0

n.g.

n.g.

0

0

0

16-D5

0

0

n.g.

n.g.

0

+

0

30-F4

0

0

n.g.

n.g.

+

+

+

45-B10

0

0

n.g.

n.g.

0

0

0

32-B7

0

0

n.g.

n.g.

0

+

0

4-C5

0

0

0

n.g.

0

0

0

54-Fl 1

0

0

n.g.

n.g.

0

0

0

4-E2

0

0

0

n.g.

0

0

0

21-H2

0

0

n.g.

n.g.

0

0

0

15-Hl 1

0

+

0

n.g.

0

0

0

39-B7

+

+

n.g.

n.g.

+

+

+

43-G8

0

0

n.g.

n.g.

0

0

0

50-D4

0

0

0

n.g.

0

0

0

3-B7

0

0

n.g.

n.g.

0

0

0

52-C4

0

0

0

0

0

0

Strain

-

Table B. Induction or repression of tagged genes compared to the control.
"0" indicates no difference from the control, "+" indicates the targeted gene is

induced, and "-" indicates the gene is repressed. Strains that did not grow
under the givenconditionare denoted "n.g."

28

REFERENCES CITED

Appanna, V. D., and St. Pierre, M. 1996. Cellular response to amultiple-metal stress in
Pseudomonasfluorescens. J. Biotechnol. 48:129-136.

Beringer, J. E. 1974. Rfactor transfer in Rhizobium leguminosarium. J. Gen. Microbiol.
84:188-198.

Chen, L. and Helmann, J. D. 1995. Bacillus subtilis MrgA is aDps(PexB) homologue:

evidence for metalloregulationofanoxidative-stress gene. Mol. Microbiol. 18:295-300.

Chen, L., Keramati, L., and Helmann, J. D. 1995. Coordinate regulation ofBacillus subtilis

' peroxide stress genes by hydrogen peroxide and metal ions. Biochemistry 92:8190-8194.

Dukan, S., Dadon, S., Smulski, D., and Belkin, S. 1996. Hypochlorous acid activates the heat
shock and soxRS systems ofEscherichia coli. Appl. Environ. Microbiol. 62:4003-4008.

Dukan, S., and Touati, D. 1996. Hypochlorous acid stress in Escherichia coli: resistance,
DNA damage, and comparison with hydrogen peroxide stress. J. Bacteriol. 178:61456150.

Endo, G., and Silver, S. 1995. CadC, the transcriptional regulatory protein ofthe cadmium
resistance system ofStaphylococcus aureus plasmid pI258. J. Bacteriol. 177:4437-4441.
Foster, J. 1991. Salmonella acid shock proteins are required for the adaptive acid tolerance
response. J. Bacteriol. 173:6896-6902.

Holmes, J. D., Richardson, D. J., Saed, S., Evans-Gowing, R., Russell, D., and Sodeau, J. R.
1997. Cadmium-specific formation ofmetal sulfide "Q-particles" by Klebsiella

pneumoniae. Microbiology 143:2521-2530.

Ivey, D. M., Guffanti, A. A., Shen, Z., Kudyan, N., and Krutwich, T. A. 1992. The CadC
gene product ofalkaliphilic Bacillusfirmus OF4 partially restores Na+ resistance to an
Escherichia coli strain lacking an Na+/H+ antiporter (NhaA). J. Bacteriol. 174:48784884.

Keasling, J. D., and Hupf, G. A. 1996. Genetic manipulation ofpolyphosphate metabolism
affects cadmium tolerance in Escherichia coli. Appl. Environ. Microbiol. 62:743-746.

Kukuk, M. 1997. Use oftransposon Tn5 mutagenasis to identify metal-responsive genes in
Pseudomonasfluorescens. Western Michigan University Honors Thesis, Kalamazoo, MI.
Lebrun, M., A. Audurier, and Cossart, P. 1994. Plasmid-borne cadmium resistance genes in
Listeria monocytogenes are similar to CadA and CadC ofStaphylococcus aureus and are
induced by cadmium. J. Bacteriol. 176:3040-3048.
29

Lee, P. C, Bochner, B. R., and Ames, B. N. 1983. AppppA, heat-shock stress, and cell
oxidation. Proc. Natl. Acad. Sci. 80:7496-7500.

Miller, J. H. 1989. Experiments in Molecular Genetics. Cold Springs Harbor Laboratory.
Cold Springs Harbor, NY.

Mills, S. D., Lim, C. K., and Cooksey, D. A. 1994. Purification and characterization ofCopR,
a transcriptional activator protein that binds to a conserved domain (cop box) in copperinducible promoters ofPseudomonas syringae. Mol. Gen. Genet. 244:341-351.

Minz, D., Rosenberg, E., and Ron, E. 1995. Cadmium binding by bacteria: screening and
characterization of new isolates and mutants. FEMS Microbiol. Lett. 135:191-194.

Montgomery, D. M., Dean, A. C. R., Wiffen, P., and Macaskie, L. 1995. Phosphatase
production and activity in Citrohacterfreundil and anaturally occurring, heavy-metalaccumulating Citrohacter sp. Microbiology 141:2433-2441.

Morgan, R. W., Christman, M. F., Jacobson, F. S., Store, G., and Ames, B. N. 1986.
Hydrogen peroxide-inducible proteins in Salmonella typhimurium overlap with heat shock
and other stress proteins. Proc. Natl. Acad. Sci. 83:8059-8063.

Mukhopadhyay, S., and Schellhorn, H. 1997. Identification and characterization ofhydrogen
peroxide-sensitive mutants ofEscherichia coli: genes that require OxyR for expression. J.
Bacteriol. 179:330-335.

Nath, R., Prasad, R., Palinal, V. K., and Chopra, R. K. 1984. Molecular basis ofcadmium
toxicity. Prog. Food. Nutr. Sci. 8:109-163.

Nies, D. H. 1992. CzcR and CzcD, gene products affecting regulation ofresistance to cobalt,
zinc, and cadmium (czc system) in Alicaligenes eutrophus. J. Bacteriol. 174:8102-8110.
Pihl, R. D., and Ervin, F. 1990. Lead and cadmium levels in violent criminals. Psychol. Rep.
66:839-844.

Ron, E. Z., Minz, D., Finkelstein, N. P., and Rosenberg, E. 1992. Interactions ofbacteria
with cadmium. Biodegradation 3:161-170.

Sambrook, J., Fritsch, E., and Maniatis, T. 1989. Molecular Cloning: ALaboratory Manual
(2nd ed.). Cold Springs Harbor Laboratory. Cold Springs Harbor, New York.
Simon, R., J. Quandt, and Klipp, W. 1989. New derivatives oftransposon Tn5 suitable for
mobilization ofreplicons, generation ofoperon fusions and induction ofgenes in Gramnegative bacteria. Gene 80:161-169.

30

Tynecka, Z., and Malm, A. 1995. Energetic basis ofcadmium toxicity in Staphylococcus
aureus. Biometals 8:197-204.

Van Veen, H. W., Abee, T., Kortstee, G., Pereira, H., Konings, W., and Zehnder, A. 1994.
Generation ofaproton motive force by the excretion ofmetal-phosphate in the

polyphosphate-accumulating Acinetobacterjohnsonii strain 210A. J. Biol. Chem
269:29509-29514.

31

